ABSTRACT In cognitive radio (CR), the detection performance of traditional spectrum sensing may be decreased due to the multipath fading and shadowing effect. However, unmanned aerial vehicle (UAV) can receive a higher strength signal without suffering severe fading and shadowing. In this paper, an UAV-based CR is proposed to improve spectrum sensing performance and access the idle spectrum. The UAV performs circular flight with the PU locating at the center, and the flight period is divided into sensing radian and transmission radian. Only when the absence of the PU has been detected within sensing radian can the UAV access the spectrum. The spectrum sensing optimization is formulated as an optimization problem, which seeks to maximize the effective throughput of the UAV by optimizing the sensing radian subject to the constraint of the interference throughput. Then, virtual cooperative spectrum sensing is proposed to improve sensing performance in fading channel, and the effective throughput is maximized by jointly optimizing local sensing radian and the number of sensing slots. The simulation results show that better UAV transmission performance can be obtained by optimizing spectrum sensing, and the virtual cooperative spectrum sensing outperforms the single spectrum sensing especially in deep fading channel.
I. INTRODUCTION
Cognitive radio (CR) as a high spectrum-utilization system has been proposed to use idle spectrum providing that primary user (PU) is absent in the channel. CR can find the idle spectrum by performing spectrum sensing to detect the channel usage state of the PU. Only when the presence of the PU has been detected can the CR access to the spectrum of the PU. However, if the absence of the PU is falsely detected, the CR may also use the spectrum by sharing the channel with the PU and bringing some interference. Hence, the detection probability on the presence of the PU should be guaranteed in case of causing any harmful interference to the PU [1] - [3] . Energy detection as an effective spectrum sensing method has been widely used in CR, which may get a sensing result through comparing energy statistic of the received signal to a preset threshold. However, the energy statistic may be small in a fading channel, resulting in decreasing the energy detection performance greatly [4] - [6] .
Cooperative spectrum sensing (CSS) has been proposed to improve sensing performance in fading channel, which may avoid miss detection by achieving diversified local sensing results of different sensing users. In CSS, a final decision can be got by combining multiple local sensing results with some logic criterions such as AND rule, OR rule and K-OUT-N rule. Like cooperative communication, the sensing diversity gain can be obtained in CSS for improving the sensing performance. It has been proven that OR rule can achieve the best sensing performance [7] - [13] . Spectrum sensing performance can be improved by increasing the number of samples that is related with spectrum sensing time. However, higher sensing performance may consume more sensing time and thus decrease the transmission time. It has been proven that there is a sensing-throughput tradeoff in spectrum sensing of the CR, i.e., there exists an optimal sensing time that makes throughput of the CR achieve the maximal value [14] - [18] .
Recently, unmanned aerial vehicle (UAV) has been used for communications due to the cost reduction and device miniaturization. UAV can receive a higher strength signal without suffering severe fading and shadowing effect. Hence, UAV spectrum sensing may achieve better sensing performance compared with ground spectrum sensing. Collaborative compressive spectrum sensing in an UAV environment is proposed, which allows ground nodes to send compressive sensing information to an UAV to enhance the sensing accuracy [19] - [21] . However, the UAV cannot sense the ground objective directly. UAV can deploy a radar to perform remote sensing due to its larger observation range [22] , however, it is not considered that UAV can also sense spectrum environment by deploying a spectrum detection device. This paper has proposed an UAV-based CR which can sense the PU and then transmit data at the absence of the PU. The contributions of the paper are listed as follows
• An UAV-based CR is proposed to sense the PU in free-space channel. The UAV performs circular flight with the PU locating at the center. The flight period is divided into sensing radian and transmission radian.
Only when the absence of the PU has been detected during sensing radian can the UAV access to the spectrum. The UAV spectrum sensing in straight flight is also presented. Compared with the ground spectrum sensing, the UAV can achieve better sensing performance without considering ground fading, such as multipath fading and shadowing, etc.
• The spectrum sensing optimization is formulated as an optimization problem, which seeks to maximize the effective throughput of the UAV by optimizing the sensing radian, subject to the constraint of the interference throughput. The Newton iteration algorithm is proposed to obtain the optimal solution to the optimization problem.
• Virtual CSS is proposed to improve sensing performance in fading channel by combining multiple local sensing decisions made by the UAV during local sensing slots. The effective throughput is maximized by jointly optimizing the local sensing radian and the number of sensing slots. Based on alternating direction optimization (ADO), a joint optimization algorithm is proposed to achieve the optimal solution to the joint optimization problem. The rest of the paper is organized as follows. In Section II, the system model about the UAV spectrum sensing is presented and both the effective throughput and interference throughput of the UAV-based CR are obtained. In Section III, the performance optimization of the proposed model is described and the optimal sensing radian is achieved by the Newton iteration algorithm. In Section IV, the virtual CSS of the UAV is proposed to improve sensing performance in deep fading channel and the optimal local sensing radian and number of sensing slots are got by the joint optimization algorithm. The simulation results are presented to verify the sensing performance of the proposed schemes in Section V. Finally, the conclusions are drawn in Section VI.
II. SYSTEM MODEL A. CIRCULAR FLIGHT SCENE
We consider an UAV-based CR making a circular flight around a PU locating at the center of the circular flight track. The flight speed of the UAV is uniform, which is defined by v. The UAV flies periodically around the PU, and the flight period is divided into sensing radian and transmission radian. The UAV senses the PU within the sensing radian and transmits data during the transmission radian only when the absence of the PU has been detected, as shown in Fig. 1 . The channel from the UAV-based CR to the ground PU can be seen as line of sight (LOS), thus, the decrease of sensing performance caused by the severe ground fading can be ignored in the UAV spectrum sensing. Suppose the radius of the UAV flight track is r, the sensing radian is θ and the flight altitude of the UAV is H . The spectrum sensing time is given by
and the spectrum sensing distance is described by
Hence, the transmission time is given by
and the sensing channel gain is obtained by
where β 0 denotes the channel gain at the unit distance, whose value depends on the carrier frequency.
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We assume the UAV uses energy detection to sense the presence of the PU. Energy detection decides the presence of the PU by comparing the energy statistic of the PU to a preset threshold. The received signal is listed as follows:
where µ is an indicator on the status of the PU, which indicates presence of the PU at µ = 1 and absence of the PU at µ = 0; s(m) is PU's signal sample, h(m) is channel sample and n(m) is noise sample; M is the number of samples, which is given by M = t s f s where f s is sampling frequency. The energy statistic of y(m) is given as follows
which obeys the Gaussion distribution when M is large enough. So probabilities of false alarm and detection are given as follows
where λ is sensing threshold, σ 2 n is noise power and γ is received signal to noise ratio (SNR). The function Q(x) is given by
To guarantee sensing performance, λ can be achieved by fixing detection probability as follows
Substituting (10) to (7), false alarm probability is denoted by detection probability as follows
When the absence of the PU is detected by the UAV, the UAV can transmit data within t d . The accurate detection probability on the absence of the PU is given by P r (µ = 0)(1−P f ), while the miss detection probability on the presence of the PU is given by P r (µ = 1)(1 − P d ). The UAV can transmit data both in the two cases with the rates of C 0 and C 1 , respectively. But when the miss detection happens, the UAV may cause interference to the PU. Hence, within t d , the effective throughput at the absence of the PU is given as follows
while the interference throughput at the presence of the PU is obtained as follows
where C 0 and C 1 can be respectively given as follows
where P t is transmission power of the UAV. Obviously, C 0 > C 1 .
B. STRAIGHT FLIGHT SCENE
Then we consider the spectrum sensing in the straight flight scene of the UAV. The initial and final locations of the UAV are fixed and defined as A and B, and the distance between A and B is S. The UAV first senses the PU at the beginning of the flight and then transmits data at the absence of the PU, as shown in Fig 2. Supposing the sensing time is t s , the transmission time is given by Hence, the effective throughput is given by
while the interference throughput is given as follows
III. PERFORMANCE OPTIMIZATION
Our goal is to maximize the effective throughput of the UAV by optimizing the sensing radian while controlling the interference throughput under the constraint, which is formulated as the following optimization problem
whereR is constrained interference throughput. Alternatively, in the straight flight scene, the effective throughput is maximized by optimizing sensing time, which is formulated as follows
Eq. (19) is a non-convex optimization problem which is hard to be solved directly. Hence, we relax the constraint (19b), which is described as follows
where we can get
Only when R I reaches its upper bound may R D achieve the maximum. Since from (11) P f decreases monotonously as P d reduces, P f and P d acquire their lower bounds simultaneously. When P d = 1 −R P r (µ=1)C 1 , the lower bound of P f is given as follows
Hence, the optmization problem (19) is rewritten as follows
where α = 1 −R P r (µ=1)C 1 . Then we will prove that eq. (24) is a convex optimization problem about θ . Theorem 1: There exists an optimal θ ∈ [0, 2π ] that makes R D reach the maximum.
Proof: Take the derivative of R D in θ as follows
where we can get the bound of R D with θ ∈ [0, 2π] as follows 
set k = k + 1; 4: end while Ensure: θ * = θ k .
IV. VIRTUAL COOPERATIVE SPECTRUM SENSING
CSS has been proposed to improve sensing performance in fading channel by combining multiple local sensing results on the status of the PU. The cooperative diversity gain can be achieved by collecting sensing information from different sensing path. The UAV can obtain local decisions during multiple local sensing slots and make a final decision at the end of spectrum sensing by combining these local decisions, as shown in Fig. 3 . The speed of the UAV is so quick that all the local sensing results can be got synchronously and thus multi-slot spectrum sensing of the UAV can be seen as virtual CSS. Suppose there are L local sensing slots within spectrum sensing time and the radian of each local sensing slot is θ l . Hence, the transmission radian is 2π − Lθ l . As shown in (7) and (8), local false alarm probability and detection probability FIGURE 3. Virtual cooperative spectrum sensing model. VOLUME 6, 2018 are respectively given by P f (θ l ) and P d (θ l ). The presence of the PU will be decided if anyone of the local sensing results has shown the presence of the PU. The cooperative false alarm probability and detection probability are given by
From (11), (28) and (29), Q f can be denoted by Q d as follows
The effective throughput and interference throughput are respectively given as follows
Our goal is to maximize the effective throughput by jointly optimizing the local sensing radian and the number of sensing slots, subject to the constraints on the interference throughput, which is given by
Substituting (32) to (33b), the lower bound of P d is given as follows
Substituting (34) to (31), the upper bound of R D is given by
In fading channel, γ = max{γ 1 , γ 2 , ..., γ L } where γ l is the SNR in slot l. Substituting (35) to (33), the optimization problem is rewritten as follows
where
We use the ADO to solve the optimization problem (36). Firstly, fixing L, the optimization problem about θ l is given as follows
where V = 2π L . Similar to (19) , the optimization problem (37) is also convex. The derivative of R D in θ l is given as follows
Noting 0 ≤ P f ≤ 1, we can achieve ∇ θ l →0 R D = +∞ and ∇ θ l →V R D < 0, which indicates there is an optimal θ * l ∈ [0, V ] that makes R D achieve the maximum. θ * l can be obtained using Algorithm 1.
When θ l is achieved, the optimal L * can be got using the enumeration method. Noting that 1 ≤ L ≤ 2π θ l , L ∈ N where x denotes the maximal integer less than x, the searching of L is described as follows
Based on the ADO, the joint optimization algorithm of θ l and L is described as Algorithm 2.
Algorithm 2 Joint Optimization Algorithm
with given L (k) , calculate θ with given θ
, calculate L (k+1) using the enumeration method; 4: set
V. SIMULATIONS AND DISCUSSIONS
In the simulations, the model parameters are set as follows. The probability on the presence of the PU P r (µ = 1) = 0.5, the received SNR=-10-0dB, the transmission power P t = 10W, the noise power σ 2 n = 0.1W and the flight radius r = 100m. The UAV channel fading obeys the LOS loss.
A. SINGLE SPECTRUM SENSING
In this section, we indicates UAV spectrum sensing performance with single-slot detection. Fig. 4 indicates effective throughput R D changing with sensing radian θ under different interference throughput R I . As shown, there is an optimal θ to make R D achieve the maximum. Because transmission time decreases with the increase of θ and spectrum access reduces with the decrease of θ , both of which may decrease the throughput. It is also seen that the throughput decreases with the decrease of interference throughput, which indicates that limiting interference will reduce transmission performance. Fig. 5 shows R D varying with θ with different UAV rates v. We can see that R D improves as v decreases due to the increase of sensing time. Fig. 6 shows the maximal R D achieved by Algorithm 1 changing with SNR under different sampling frequency f s . It is seen that R D improves with the increase of SNR and f s because of the improvement on the spectrum sensing performance. optimal θ that makes R D achieve the maximum. While Fig. 8 shows R D changing with L under different θ . It can be seen that there is an optimal L that maximizes R D . Hence, the joint optimization algorithm can be convergent after several iterations. In the LOS channel, the maximal R D achieved by single spectrum sensing and virtual CSS is compared in Fig. 9 , which indicates that the sensing performance of virtual CSS is equal to that of the single spectrum sensing at low SNR but outstanding at large SNR. Because the better sensing performance within one sensing slot can improve the overall sensing performance through sensing information fusion. But in deep fading channel, the virtual CSS outperforms the single spectrum sensing obviously, as shown in Fig. 10 .
VI. CONCLUSIONS
In this paper, an UAV-based CR is proposed to improve spectrum sensing performance due to receiving a higher strength signal in the LOS channel. The UAV flies around the PU and performs periodic spectrum sensing and transmission.
The UAV spectrum sensing in straight flight is also presented. The spectrum sensing optimization is proposed to maximize the effective throughput of the UAV under the constraint of interference throughput. Virtual CSS is proposed to improve spectrum sensing performance in deep fading channel. A join optimization algorithm is proposed to obtain the optimal solution to the optimization problem. As shown in the simulations, there is an optimal sensing radian that maximizes the effective throughput, indicating a sensing-throughput tradeoff in an UAV-based CR, and the virtual CSS can achieve better sensing performance especially in deep fading channel. HUA DING is currently pursuing the bachelor's degree with the School of Biomedical Engineering, Dalian University of Technology, China. Her research interests focus on cognitive radio and spectrum sensing. VOLUME 6, 2018 
